Abstract-Mitigating heat generated by hot spots inside of power electronic devices is a formidable obstacle to further increases in power density. This paper presents the first demonstration of active cooling for hot spots via jumping droplet condensation. This newly discovered phase change cooling mechanism comprises 10 to 100 µm sized droplets leaping from a cold superhydrophobic surface onto a hot GaN transistor and efficiently transferring heat via evaporation. After discussing how electric fields can enhance this process, observations from cooling GaN transistors with this method are outlined. Experimental measurements demonstrate increased cooling rates and steerable heat transfer through the application of electric fields.
I. INTRODUCTION
Electrification has catalyzed an increase in the power density (power-to-volume ratio, kW/L) and the specific power density (power-to-weight ratio, kW/kg) of both stationary and mobile systems [1] - [4] . This mega-trend of replacing bulky pneumatic and mechanical systems with smaller electrical systems in fully-electric and more-electric vehicles ranging from automobiles to aircrafts has created a demand for lighter and more compact power electronics. Yet, the ability to remove heat from internal hot spots constrains the design of converters and inverters [5] - [10] . Therefore, novel active cooling techniques are required to mitigate hot spots.
Leveraging recent advances both in wide bandgap semiconductors and in phase change cooling techniques, this work outlines an active hot spot cooling method. Instead of providing uniform single phase or two-phase cooling of the entire device, this work represents the first demonstration of active, phase change cooling of individual gallium nitride (GaN) transistors with jumping droplet condensation.
A discussion of the physics governing this process and of the opportunity for electric field enhancement will be provided [11] , [12] . Hardware prototypes have been constructed to evaluate the proposed cooling scheme with and without external electric fields in both ambient and vacuum environments. The following sections also provide an overview of hardware prototypes, experimental setups, and analysis from high speed videos of jumping droplets cooling operational GaN devices.
II. PHYSICS OF JUMPING DROPLET COOLING A. Overview of Governing Physical Principles
Water vapor can condense on a surface as either a filmwise or distinct droplets (dropwise) depending on the surface wet- tability. Dropwise condensation is significantly more efficient at heat and mass transfer since the droplets can more easily shed from the surface via gravitational body force than adhered liquid films. [13] . Additional improvements to this heat transfer can be obtained both if the droplets jump off the surface (independent of gravity) instead of rolling off the surface due to gravity [14] and if the droplets undergo phase change from liquid to gas (evaporation).
This jumping phenomenon exists when small droplets (approx. 10 to 100 µm) merge (coalescence) on a superhydrophobic surface with hydrophobic nanostructures [13] , [15] , [16] . The merged droplet has excess surface energy compared to the initial un-merged state. Depicted in Fig. 1 , the droplet ejects normal to the surface (independent of gravity) as this excess energy is spontaneously converted into kinetic energy [13] , [15] , [16] .
Jumping droplet condensation enhances heat transfer in two different applications. On condensing surfaces such as plates or pipes, this process decreases the time-averaged droplet size residing on the surface [16] , [17] . Jumping droplets can also catalyze cooling when they are attracted to a surface using latent heat while evaporating. -500 V between an electrode and a cold plate underscored that jumping droplets are attracted by electric fields to a negative potential [11] , [14] , [16] .
B. Electric Field Enhanced Jumping
While the superhydrophic coating and the presence of noncondensible gases impact this process, external electric fields can help maximize the cooling efficiency. Jumping droplets were recently found to have a net positive charge of approximately 15 fC [11] , [14] , [16] . As the droplets leave the superhydrophobic surface as shown in Fig. 1 , a small amount of OH − remains on the nanostructured surface due to electric double layer charge separation, which yields excess H + in the water droplet. Fig. 2a demonstrates how jumping droplets show no special attraction to the electrode when no potential difference exists between the electrode and a cold plate. Yet, when the electrode is negatively charged with respect to the cold plate, Fig. 2b highlights how the trajectories of the droplets immediately trend towards the negatively charged electrode.
III. PROPOSED ACTIVE COOLING METHOD
Methods for incorporating phase change materials into heat sinks for power electronics have focused primarily on hybrid heat sinks with metal foams [18] and alkane isomers such as neicosane [19] , [20] . This transition (i.e. solid to liquid or liquid to gas) acted as a passive cooling mechanism to mitigate heat from the high peak power transients of low duty cycle pulsed power supplies for applications such as aircraft landing gear or downhole drills [21] - [23] .
In contrast, this work proposes the development of an active cooling solution for power electronics. Fig. 3 illustrates the concept where external electric fields enable active, steerable Fig. 3 . Employing external electric fields in a vapor chamber for active cooling with jumping droplets [15] , [16] . cooling of hot spots inside of a power electronics package like in Fig. 4a . This setup comprises a vapor chamber containing a colder surface connected to a larger heat sink or a cooling loop and a hotter surface connected to the hot spots within the power electronic device. To facilitate jumping, a superhydrophobic coating is deposited on the colder surface and a superhydrophilic coating can be integrated onto the hotter side of the vapor chamber [15] , [16] . Cold droplets evaporate off the hot surface and condense back into droplets on the cold surface.
IV. EXPERIMENTAL RESULTS
The integration of an advanced cooling technique with chip-scale wide bandgap transistor packages would improve reliability and device performance by maintaining lower device junction temperatures. The structure of the chip-scale EPC2034 enhancement mode GaN-on-Silicon Power MOS-FET shown in Fig. 4b does not have a large surface area for cooling and has been designed with a smaller thermal impedance from the junction to the top surface [24] . Thus, this device was incorporated into the circuit of transistors were placed in parallel as shown in Fig. 6 . As a first step, the conduction losses for various currents were evaluated. As shown in Fig. 4a , the GaN FET quickly becomes a hot spot with 15 A of dc current flowing. The power devices were placed 3 millimeters apart on the circuit board so that, as shown in Fig. 7 , they could be captured within the same frame of a high resolution PhantomCinemagII video camera with a Canon macro lens. Fig. 7a underscores how multiple GaN devices can be examined with and without external electric fields. The aluminum oxide superhydrophic samples in this experiment were manufactured using chemical vapor deposition [15] , [16] . The setup of Fig. 7 enabled the examination of cooling for various spacings between the power devices and the superhydrophic sample and for cases with and without an external electric field of -100 V for the guard ring or the source pin potential.
Using the rear lighting scheme of Fig. 7b , long exposure images and videos of the jumping droplets were obtained for post processing. Fig. 8 reveals the impact of external electric fields on the trajectory of jumping droplets. If the electric field had not been present, then low exit trajectory droplets would not have followed the electric field lines leading to the GaN device as depicted in Fig. 8 . The unique parabolic path in the right side of Fig. 8 also reveals how the droplets are accelerating toward the power devices due to the electric field. Accelerations between 3 and 6 m/s 2 for the droplets attracted by the electric fields were observed from measurements when a -100 V potential was applied across a 3 mm spacing between the cold plate and the GaN transistor. Thus, external electric fields enhance the cooling capability by improving the rate and the number of droplets that reach the GaN FET.
Moreover, external electric fields have been shown as a mechanism for steering the droplets toward a specific GaN device conducting current and generating a hot spot on the PCB. Thus, this represents the capacity for active cooling of hot spots with this high heat flux technique. In contrast to Fig. 9b where no external electric fields are employed, Fig. 9c and 9d underscore how an external electric field dramatically increases the average number of droplet trajectories directed toward a specific GaN transistor. This is evidence of steerable cooling. The droplet trajectories in Fig. 9d , which appear to stop before reaching the GaN FET, are a good example of droplets leaving the plane of focus for the high resolution video camera. In this case, the droplets will reach the GaN device due to the external electric field. Electrically floating the source pin was found experimentally to direct the droplets closer to the GaN transistor than the external guard ring. Since the source pin approach involves electrically floating pins underneath approximately half of the total device surface as shown in Fig. 4 , the electric field lines attract all of the droplets directly toward the GaN FET. In contrast, some of the droplets attracted by the external guard ring would have to wick from the guard ring toward the package of the GaN device. By attaching thermocouples to the transistor and the cold plate, an examination of the transistor's steady-state temperature for various spacings of the GaN transistor and the cold superhydrophobic sample was implemented. For 15 A of dc current flowing through an on-state resistance of 7 mΩ, the Q g of heat for the GaN is 1.57 W. Using:
this heat was combined with the cross-sectional area for this EPC2034 GaN FET to generate a heat flux of 13.2 W/cm 2 . Assuming that the rubber gaskets offer ideal insulation, the cooling benefit can be separated into its contributing factors of radiation, convection, conduction through the back of the PCB, and heat removed via jumping droplet condensation. The thermal resistance of the network for this experimental setup is depicted in Fig. 10 . This thermal network simplifies the calculation of the heat transfer breakdown for the system. The thermal impedance for the back of the PCB, R B , involves spreading resistance within the PCB and convection to air. As a first step toward developing a model for the spreading resistance, the thermal conductivity of the PCB, k b , Fig. 11 . Composition of PCB with normal (n) and tangential (t) directions shown relative to the thickness, t b . Layer thicknesses are not to scale. 
evaporation heat transfer coefficient due to jumping droplets (parameter under test) 350 to 550 W/m 2 K must be determined. This spreading resistance is composed of tangential and normal components as depicted in Fig. 11 . The tangential thermal conductivity, k b,t , through the length of the PCB composed of FR-4 and copper was found using:
where the material parameters and thicknesses are summarized in Table I . To simplify this expression, t c represents the combined thickness of both 2 Oz copper layers in the PCB. The contributions of the solder mask layers were neglected for these heat transfer approximations since the thickness and thermal conductivity for these layers are negligible compared to those of FR-4 and 2 Oz copper. Using the parameters from Table I , the thermal conductivity of the PCB in the normal direction as indicated by Fig. 11 was obtained from:
Last, the tangential and normal thermal conductivities can be combined in a weighted sum to find the PCB's total thermal conductivity, k b , which was recorded in Table I .
Since the PCB is significantly wider compared to its thickness, the normal component of the spreading thermal conductivity has dramatically more weight and represents the main path for heat flow. PCB vias near the GaN FETs were included to increase heat transfer in this normal component direction. Observations using an infrared camera in the laboratory also support this modeling assumption. The spreading of heat from the source into the PCB was modeled using an ellipsoid geometry with axes of t b , w b , and r g . Including the contribution of the thermal impedance of convection to air,
where coefficients and board parameters are summarized in Table I . Next, the thermal impedance between the GaN FET and the cold superhydrophobic sample involves:
where coefficients and board parameters are summarized in Table I and || represents a parallel impedance operation required to obtain the correct result. The temperatures in Fig.  10 are: the measured GaN FET device temperature, T g , the measured superhydrophobic sample temperature, T s , and the temperature of the ambient 25 o C laboratory, T a .
Experimental results from this study underscore that cooling from jumping droplet condensation accounts for approximately 5% to 15% of the heat transferred depending on the temperature of the GaN transistor. As the spacing was decreased, the amount of heat transferred through radiation and convection increased as expected. The contributions of these thermal pathways were characterized by measuring the temperature of the GaN FET without any jumping droplet condensation and thermal insulation covering the cold plate. Also, heat transfer measurements with and without jumping droplet condensation were performed. As an example, for experiments having T g = 75 o C and T s = 0 o C, the heat transfer coefficient with this active cooling proof-of-concept demonstration was found to be approximately 550 W/m 2 K. By analyzing this thermal resistance network, the heat through R evap is Q evap = 0.26 W for this case. If the heat in (1) is replaced with Q evap , then the resulting heat flux associated with jumping droplet condensation is 2.1 W/cm 2 . This corresponded to approximately 3 to 4 o C of cooling from jumping droplet condensation. These empirical results agreed with experimental observations from heat transfer with and without jumping droplet condensation. Overall, the evaporation heat transfer coefficient and heat flux are promising because they were obtained under a worst-case scenario with non-condensable gases present and the droplets jumping against gravity. As the gap between the GaN transistors and the cold plate narrows, the radiation and convection become a larger fraction of the loss mechanisms. Since the GaN transistor is closer to the heatsink in these applications, a larger number of droplets will reach the GaN and contribute to more heat extracted via jumping droplets. Yet, the difference between the supplied heat via conduction loss and the increase in both radiation and convection results in a decrease in the amount of heat that is spread and dissipated through the PCB.
As discussed in the seminal paper [12] , even trace amounts of non-condensable gases hinder heat transfer by creating a "blanket effect." First, these gases lower the partial pressure of the water vapor, which reduces the droplet condensation rate. This can account for a more than 99% reduction in heat transfer. Therefore, the removal of non-condensable gases under a vacuum environment will facilitate higher heat transfer by promoting faster jumping droplet condensation, which will accelerate the liquid to gas phase change cooling process. Also, h cond will increase to 100,000 W/m 2 K in vacuum. Based on [12] , [14] , [16] , the removal of non-condensible gases alone should increase the number of jumping droplets reaching the GaN FET enough to improve the heat flux by two orders of magnitude to roughly 100 W/cm 2 .
V. CONCLUSION AND FUTURE WORK This work outlines the first demonstration of the active cooling for GaN transistors with jumping droplet condensation. For a worst-case scenario of a test environment with non-condensable gases and droplets jumping against gravity, the jumping droplet condensation was measured to have a significant impact on the cooling of conduction losses from a GaN transistor. External electric fields were shown to be a mechanism to steer the jumping droplets toward specific hot spots for active cooling. Future work will examine improvements to the heat flux with the removal of non-condensible gases by investigating this phenomenon inside of a vacuum chamber or by utilizing the proposed vapor chamber heatsink. Additionally, the heat flux will improve for orientations where gravity helps the droplet trajectories. All in all, this active cooling scheme has great promise for mitigating hot spots in compact power electronics packages.
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